Abstract We compared the volatiles of JA-treated plants of six rice varieties and then determined, in the laboratory and field, if they differed in attractiveness to Anagrus nilaparavate Pand et Wang, an egg parasitoid of rice planthoppers. Analyses of volatiles revealed significant differences among varieties, both in total quantity and quality of the blends emitted. On the basis of these differences, the six varieties could be roughly divided into three groups. In a Y-tube olfactometer, female wasps preferred odors from two groups. These preferences corresponded to observed parasitism rates in a field experiment. A comparison of the volatiles with results from behavioral assays and field experiments indicates that the quality (composition) of the blends is more important for attraction than the total amount emitted. The results imply that the foraging success of natural enemies of pests can be enhanced by breeding for crop varieties that release specific volatiles.
achieved by wounding the plants and applying herbivore regurgitant or elicitors such as jasmonates (JA) to the damaged sites (Turlings et al., 1993a; Hopke et al., 1994; Halitschke et al., 2001) . Induced volatile blends vary considerably in quantity and quality with plant species or variety (Takabayashi and Dicke, 1996; Krips et al., 2001; Fritzsche-Hoballah et al., 2002; Degen et al., 2004; Van Den Boom et al., 2004; Bukovinszky et al., 2005) , which may reflect in differences in attractiveness to the natural enemies of herbivores (Krips et al., 2001; Fritzsche-Hoballah et al., 2002; Bukovinszky et al., 2005) . However, little to nothing is known about the consequences of these differences among plant genotypes for the effectiveness of the natural enemies in the field.
Nilaparvata lugens is one of the most important rice pests. It feeds on the phloem and causes a decrease in leaf area, plant height, dry weight, leaf and stem nitrogen concentration, chlorophyll contents, and photosynthetic rate (Rubia-Sanchez et al., 1999; Watanabe and Kitagawa, 2000) , which subsequently results in yield loss. Previous studies have shown that N. lugens attack or JA treatment alters the volatile profiles of rice plants, and these volatiles are strongly attractive to the egg parasitoid Anagrus nilaparvatae (Lou et al., 2005a,b) , a major natural enemy of the rice planthoppers (Cheng and He, 1996) . Moreover, the parasitism of N. lugens eggs by A. nilaparvatae on plants that were surrounded by JA-treated plants is more than twofold higher than on control plants in the greenhouse and field (Lou et al., 2005a) , implying that augmenting the release of rice-produced attractants has the potential to enhance the effectiveness of the parasitoid in the control of N. lugens. This should be testable, as the volatiles released from different rice varieties in response to N. lugens infestation show distinct differences in attraction of the parasitoid (Ma et al., 2004) . In this work, we performed such tests, whereby we compared the volatile emissions of various rice varieties after JA induction, as well as their attractiveness to A. nilaparvatae in the laboratory and field.
Methods and Materials

Plant Growth
Rice varieties used in this study were TN1, IR26, IR64, Xiushui 63, Bing 97-34, and Bing 97-59, whose genetic backgrounds are described in Table 1 . Of these varieties, both IR26 and IR64 contain the Bph1 gene (Zhu et al., 2004) , a resistance-related gene to biotype one of N. lugens, and share several parents in their pedigrees; the other four are all susceptible to N. lugens, and three (Xiushui 63, Bing 97-34, and Bing 97-59) have a similar genetic background (Table 1) . Pregerminated seeds were sown in a greenhouse, and after 20-25 d, A laboratory colony of the egg parasitoid A. nilaparvatae was started from individuals trapped in rice fields in Hangzhou, using Shanyou 63 rice plants with N. lugens eggs as bait. The colony was propagated on N. lugens eggs in rice shoots enclosed in glass tubes (2.5 × 20 cm), which were kept in a controlled climate room at 28 ± 2°C, 12 hr photophase, and 70-80% r.h. Each day, newly emerged wasps were collected into clean glass tubes (2.5 × 20 cm) with access to both water and honey solution, and held for at least 2 hr to ensure mating. From the second generation onwards, female parasitoids were used in experiments less than 24 hr after emergence.
Plant Treatment
Potted plants (1 or 3 per pot) were washed with running water. They were individually damaged with a needle at the lower and upper positions of the rice stems, each with 200 pricks. They were subsequently treated by applying 20 μl of 10 mM jasmonic acid in 50 mM sodium phosphate buffer (titrated with 1 M citric acid until pH = 8) at each damage site (JA). In a previous study, we found that JA treatment induces the release of volatiles in rice, resulting in the attraction of the parasitoid (Lou et al., 2005a) . Plants were treated at 17:00 hr, and then the plants were placed in a controlled climate room that was maintained at 28 ± 2°C, 12 hr photophase, and 80% r.h. Fifteen hours after treatment, i.e., at 8:00 hr the next day, plants were used for experiments.
Collection, Isolation and Identification of Volatile Compounds
The volatile collection system has been described in detail (Turlings et al., 1998) . It basically consists of six vertically placed cylindrical glass tubes (9.5 cm i.d., 54 cm high). A split Teflon plate with a hole in the center at the base of a cylinder was filled loosely around the plant stem, allowing the separation of the aerial part of the plant, in the cylinder, from the pot, which remained outside (Turlings et al., 1998) . Purified and humidified air was pushed into each cylinder at a rate of 1 l/min and passed over the plant. Around the base of each cylinder, just above the Teflon disk, eight openings served as ports that could hold the collection traps. Only one port was used during an experiment. For collections, air was pulled (0.8 l/min) through a Super-Q adsorbent trap (Heath and Manukian, 1992) , whereas the rest of the air was vented out through the hole in the bottom, thus preventing outside, impure air from entering. The automated part of the collection system (Analytical Research System, Gainesville, FL, USA) controlled the flow through the trap. The climate chamber (CMP4030; CONVIRON, Winnipeg, Manitoba, Canada) in which the collection cylinders were housed was kept at 17.5°C; due to heat irradiation, the temperature inside the cylinders was 23 ± 3°C. During the light cycle, light intensity was about 20,000 lumen/m 2 . Volatiles emitted from plants of the six varieties that were wounded and treated with JA were collected. Collections started immediately after the lights were turned on, 15 hr after treatment, and lasted 4 hr. After each collection, traps were extracted with 150 μl of methylene chloride (Lichrosolv.; Merck, Whitehouse Station, NJ, USA) and 200 ng of n-octane and nonyl acetate (Sigma, Buchs, Switzerland) in 10 μl of methylene chloride were added to the samples as internal standards. Collections were replicated six times for each variety.
Analyses were done with an HP 6890 series gas chromatograph equipped with an automated on-column injection system (HP G1513 A) and a flame ionization detector. A 3-μl aliquot of each sample, was injected onto an apolar SE-30 capillary column (30 m, 0.25 mm i. d., 0.25 μm film thickness; Alltech, Deerfield, IL, USA) that was preceded by a deactivated retention gap (5 m, 0.25 mm i.d.) and a deactivated precolumn (30 cm, 0.530 mm). Helium (24 cm/sec) was used as carrier gas. After injection, the column temperature was maintained at 40°C for 3 min, increased to 230°C at 8°C/min, and held at 230°C for 9.5 min. The detector signal was processed with HP GC Chemstation software. Compounds were identified by comparison of GC retention times with those from our previous studies (Lou et al., 2005a) and those of authentic standards.
Olfactometer Bioassay
Responses of A. nilaparvatae females to rice volatiles were measured in a Y-tube olfactometer. The olfactometer consisted of a Y-shaped glass tube (1 cm diam). The base and the two arms of the Y tube were all 10 cm in length. Each arm was connected to an odor source container (a glass cylinder, 6 × 46 cm). An airstream was generated and was divided in two, and each secondary airstream was led through a flowmeter, a tube with active charcoal, a humidifier bottle, and one of the odor containers. Subsequently, the two airstreams were led through the two arms of the Y-tube olfactometer at 150 ml/min. The Y-tube olfactometer was placed in a box painted white with an artificial light source consisting of two 20-W fluorescent lamps placed in front of the box. All bioassays were conducted between 09:00 and 17:00 hr. During experiments, the temperature in the room was maintained at 25-28°C.
The six varieties were divided into three groups on the basis of the volatiles profiles that they emitted after JA treatment (Table 2 ; Fig. 2 ): group 1 (TN1), group 2 (IR26 and IR64), and group 3 (Bing 97-34, Bing 97-59, and Xiushui 63). To compare attractiveness among and within these groups, we selected the following five pairs for olfactometer tests: IR26 vs. IR64, Bing 97-59 vs. Xiushui 63, TN1 vs. IR26, Bing 97-59 vs. IR26, TN1 vs. Bing 97-59. Fifteen hours after JA treatment, 10 individually potted plants of each variety were cut off at soil level, their cut stems wrapped in wet cotton, and the plants of one variety were placed into one of the odor source containers. Mated female parasitoids were introduced individually into the base tube of the Y-shaped olfactometer and given 10 min to walk towards the end of one of the arms. A choice for an odor source was defined as a female crossing a line 7 cm after the division of the base tube and remaining there for at least 1 min. If a parasitoid did not make a choice within 10 min, this was recorded as "no response." After two females were tested, the olfactometer tube was washed with 98% alcohol and heated at 80°C for several minutes. To eliminate the effects of asymmetrical bias, connections of the two arms of the olfactometer to the odor source containers were exchanged after testing of two females, and the odor source containers were exchanged and supplied with a new set of plants after testing of eight females. For each odor source combination, at least 48 females were tested. All females that were tested made a choice.
Field Experiment
To obtain plants with N. lugens eggs, plants of the variety Shanyou 63 were individually infested for 1 d with 10 gravid N. lugens females that were confined to the plants in two parafilm bags at the upper and lower positions of the stems. Of these plants, two were chosen with about 80-100 1-d-old N. lugens eggs, and they were transplanted to a pot into the center of a triangle of three plants of a particular variety, which had been wounded and treated with 10 mM JA 15 hr earlier (Fig. 1A) . Five pots for each of the varieties-TN1, IR26, IR64, Bing 97-59, and Xiushui 63-were placed at five locations in a rice field (20 m wide, 35 m long; rice variety Jialeyou 2) as shown in Fig. 1B . Hence, each location included five pots, each of them with JA-treated plants of a different variety. Two days after the plants were introduced into the rice field, they were transferred to the controlled climate room at 28 ± 2°C, 12 hr photophase, and 80% r.h. Each pot of plants was confined to an 11 × 40 cm plastic cage (after herbivores, predators, and parasitoids had been removed). Five days later, the plants were cut off at soil level and dissected under a microscope to record the total and parasitized N. lugens eggs by using the method described in Lou et al. (2005a) . This experiment was done two times (July 6 and September 27, 2005). Differences in behavioral responses of the parasitoid to pairs of JA-induced rice volatiles of various varieties were determined by χ 2 tests. To test for differences in parasitism among varieties, we used the Friedman rank sum test. Comparison of the data on plant volatiles were analyzed by analysis of variance (ANOVA) after the data were log-transformed. If the ANOVA analysis was significant (P < 0.05), Fisher LSD post-hoc tests to detect significant differences among groups were conducted. Data were analyzed with Statistica (Statistica, SAS, Institute Inc., Cary, NC, USA).
Results
Volatiles Comparison
The analyses revealed significant differences in volatile profiles emitted from JA-treated plants of the six varieties (Table 2; Fig. 2 ). The total amount emitted from TN1 was significantly (from 2.84 to 3.53 times) higher than those from the other five varieties, whereas no differences in total amounts were found among the remaining varieties. The volatile profiles of the six varieties could be roughly divided into three groups. The first group represented the volatiles released from TN1 plants, which, in addition to the total amount, had the highest amount of compounds 2-heptanone, 2-heptanol, limonene, linalool, (E)-4,8-dimethyl-1, 3, 7-nonatriene, (E)-nerolidol, (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene, and unknowns 1, 2, 3, and 4 (Table 2; Fig. 2 ). The second group consisted of varieties IR64 and IR26 plants. In this group, plants usually released intermediate amount of 2-heptanone, 2-heptanol, and unknown 4, and the lowest levels of (E)-α-bergamotene, nheptadecane, and unknowns 6 and 8. The third group included Bing 97-34, Bing 97-59, and Xiushui 63 (Table 2 ; Fig. 2 ). They usually had the highest levels of β-caryophyllene, (E)-α-bergamotene, n-heptadecane, unknowns 5, 6, 7, and 8, and the lowest levels of 2-heptanone, 2-heptanol, unknown 4, methyl salicylate and (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (Table 2; Fig. 2 ).
Olfactometer Bioassay
We compared the choices of female A. nilaparvatae when offered pairs of odors within groups and between groups. When the parasitoid was exposed to volatiles from pairs of varieties within a particular group (IR64 vs. IR26 or Bing 97-59 vs. Xiushui 63), they showed no preference (Fig. 3) . However, in two cases, significant preferences were observed between varieties from different groups (Fig. 3) . Parasitoids preferred TN1 (group 1) and Bing 97-59 (group 3) over IR26 (group 2), but were equally attracted to TN1 and Bing 97-59 (Fig. 3) .
Field Experiment
In the first field experiment, no significant difference was found in parasitism of N. lugens eggs on Shanyou 63 plants that were surrounded by JA-treated plants of different varieties (Fig. 4A) . However, in the second experiment, there were significant differences (Fig. 4B) . These reflected the differences in attractiveness of the varieties that had been observed in the olfactometer experiments (Fig. 3) . Parasitism was highest on plants that were surrounded by TN1, followed by those on plants that were surrounded by Bing 97-59 (85.3% of that surrounded by TN1) and Xiushui 63 (76.0% of TN1), and lowest on plants surrounded by IR26 (50.4% of TN1) and IR64 (54.2% of TN1) (Fig. 4B) .
Discussion
Varietal or genotypic differences in herbivore-induced volatiles have been recorded for several plant species (Loughrin et al., 1995; Turlings et al., 1998; Krips et al., 2001; Degen et al., 2004) . Here, we show such differences in induced profiles among rice varieties (Table 2 ; Fig. 2 ). The assignment of the varieties to different groups on the basis of the induced volatile profiles (Table 1 ; Fig. 2 ) is consistent with the genetic backgrounds of these varieties (Table 1) . For instance, varieties Bing 97-34, Bing 97-59, and Xiushui 63, all of which have a Bing 8961 parent in their pedigrees, shared similar profiles (Fig. 2) . The sharing of parents such as IR24 and TKM6, which is the case for IR26 and IR64, also resulted in similar profiles, confirming that the volatiles emitted from varieties are genetically determined. Volatiles released from both TN1 and Bing 97-59 were more attractive to the parasitoid than those from variety IR26, whereas TN1 and Bing 97-59 were equally attractive (Fig. 3) . Moreover, the parasitoid did not distinguish between the volatiles from IR26 and IR64, and those from Bing 97-34 and Bing 97-59 (Fig. 3) . A comparison of their profiles (Table 2) does not provide much insight into which compounds may have been responsible for the observed differences in attractiveness. Linalool is a candidate that is attractive to A. nilaparvatae (Lou, 1999) . 2-Heptanone, 2-heptanol, and methyl salicylate seem less likely to be important because they were released in considerable amounts by some of the least attractive varieties. The importance of specific plant volatiles for attraction of natural enemies is documented. For example, the lacewing (Chrysopa carnea), a predator of small insects, was caught more in traps containing β-caryophyllene than in traps that contained caryophyllene oxide, bisabolene, or limonene (Flint et al., 1979) . When exposed to individual chemicals in an olfactometer, the predatory mite Phytoseiulus persimilis was attracted to linalool, methyl salicylate, (E)-β-ocimene, and (3E)-4,8-dimethyl-1,3,7-nonatriene (Dicke et al., 1990) . (E)-α-Bergamotene increased Manduca sexta egg predation rates on Nicotiana attenuata by a generalist predator Geocoris pallens (Kessler and Baldwin, 2001) . Recently, Kappers et al. (2005) demonstrated that the predatory mite P. persimilis is attracted by (E)-nerolidol or (3E)-4,8-dimethyl-1,3,7-nonatriene released from transgenic Arabidopsis thaliana plants. Similarly, transformation of Arabidopsis with a sesquiterpene synthase gene from maize resulted in the constitutive release of a blend of sequiterpenes, which made the transformed plant attractive to a parasitoid of lepidopteran larvae, but the parasitoid had to learn the volatiles during an oviposition experience (Schnee et al., 2006) . In general, the identities of key attractants for parasitoids remain largely unknown (D'Alessandro and , and common herbivore-induced compounds may not be as important for attraction as usually assumed (D'Alessandro and Turlings, 2005) .
We have previously shown that parasitism rates of N. lugens eggs by A. nilaparvatae on plants surrounded by JA-treated plants are significantly higher than those surrounded by control plants (Lou et al., 2005a) . Here, we compared the effect of JA-treated plants of various rice varieties on parasitism. The clear and significant differences found in the second field experiment nicely matched the differences in attraction of the parasitoid that were found in the olfactometer bioassay. The average percentage parasitism (55.82 ± 2.63) in the first field experiment was significantly higher than that (38.29 ± 2.27) in the second time (t = 5.05, df = 48, P <0.001). This suggests a higher population density of the parasitoid in the field during the first field experiment. Parasitoids may interfere with each other intraspecifically or interspecifically, and the degree of interference increases with the increase in population density. Parasitoids and predators may also use volatiles to avoid intraspecific or interspecific competition (Janssen et al., 1995 (Janssen et al., , 1997 Fatouros et al., 2005) . Therefore, stronger interference among parasitoids under high population density might explain why there was no difference in parasitism rates among varieties in the first field experiment. From the results of the second experiment, however, it is clear that rice varieties with appropriate volatile profiles might enhance the effectiveness of the parasitoid in the field.
Many parasitoids have a keen ability to learn to respond to a specific odor by associating the odor with hosts or host feces (Lewis and Tumlinson, 1988; Vet and Groenewold, 1990; Turlings et al., 1993b) . The parasitoids used here had emerged from N. lugens eggs on plants of variety Shanyou 63, and they had been in contact with this host plant before they were tested. The field experiments with potted plants were conducted in fields with the variety Jialeyou 2, on which the parasitoids would also have had experiences during the experiment. It is possible that the observed differences in attraction and parasitism were due to similarities or differences in volatile profiles between the N. lugens-infested rice varieties that the wasps experienced and the JA-treated experimental plants. We did not compare the volatile profiles of these varieties, and an effect of learning cannot be ruled out. This does not interfere, however, with the general conclusion that differences in volatile profiles and preferences for certain odors can be used to enhance the parasitism rate of A. nilaparvatae.
Only few studies have demonstrated the importance of herbivore-induced odor emissions outside the laboratory (Scutareanu et al., 1997; De Moraes et al., 1998; Thaler, 1999; Kessler and Baldwin, 2001; Lou et al., 2005a; Rasmann et al., 2005) . One of those studies (Rasmann et al., 2005) also shows that the effectiveness of the natural enemies in the field can be enhanced by planting crop varieties that emit the appropriate volatile signal(s) from their roots. The results reported here represent a first example of how varietal differences in leaf volatiles affect tritrophic interactions in the field, implying that induced rice volatile emissions can be manipulated to enhance the control potential of egg parasitoids.
